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ABSTRACT 2 

t 

Examination of pilot instrument scanning date collected during simulated X 
transport instrument landing approaches has confirmed the existence of two . 

deterministic features of otherwise random pilot instrument scanning behavior. ' 

These are: transitions in point of eye fixation vhich originate and terminate < 

on the same instrument are rare; and transitions in point of eye fixation which 
originate on one secondary instrument and terminate on another secondary 
instrument are rare. Link value (the probability that a transition in point 
of eye fixation is from instrument i to instrument J) estimators are developed 
using statistics and these two experimental facts. This result has special 
significance when there Is but a single primary instrument, i.e,, a flight 
director. This result can be used to simplify the Iterative computational 
procedure of STI'a display theory to a non-iterative procedure for the flight 
director case. 

BttROOUCTHW 

Further examination of the pilot Instrument scanning data collected during 
simulated transport instrument landing approaches (Ref. 1 ) Is motivated by 
interest In the pilot's crosscnecking (i.e., instrument monitoring) behavior. 

The data In Ref. 1 offer the opportunity to exc. .ine this behavior for a single 
primary integrated flight instrument case, the flight director/attitude indicator, 
and for a two primary flight instrument case, the attitude indicator and hori- 
zontal situation indicator. The result of this improved understanding of pilot 
crosscheck; ng behavior is a model which can lr* applied In conjunction with 
other procedures to predict overall performance of the pilot- control-display- 
vehicle system as a function of certain display (and other) system parameters. 

This paper provides a statistical model of the pilot's primary and cross* 
c. *ck lnstrwent scanning behavior. A companion paper. Ref. 2, shows the 

*Tbis research was sponsored by the U.S. Air Force under Contract 
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technique for applying this modal where there Is bit a single primary 
instrument, i.e., a flight director. The results are an analytical pre- 
diction of pilot -control -display- vehicle system perfbmaanee and pilot 
instrument scanning statistics. The computations required are based upon 
BTI's control-display analysis technique (Refs. 3 nod *»), but the computa- 
tions are rendered non-iterative as the result of Incorporation of the model 
of instrument scanning behavior developed herein. 

The statistical model of the pilot's primary and crosscheck instrument 
scanning behavior Is based upon several observed experimental facts. These 


• There is no gross determinism (e.g. , a circulatory 
scanning pattern) in the pilot's scanning behavior 
(Refs. 3, 6, 7 > and mors recently, Ref. 1). 

• Scanning within the face of a single instrument is 
rare (Ref. 8), 

• Scanning behavior throughout the instrument la n d in g 
approach appears to be essentially stationary (Ref. 8). 

• Transitions In point of eye fixation which originate and 
terminate on the same instrument are rare. 

• Transitions in point of eye fixation which originate on 
one secondary instrument and terminate on another secon- 
dary instrument are rare. 

The following section will define the symbols and conventions used 
i throughout the paper. Rsxt, an existing body of eye fixation data Is tested 
j for consistency with the latter two assertions above. This is followed by 
development of the new link value estimators. The new link value estimators 
are then compared with the old link value estimators and the eye fixation data. 


Definitions of Byetoole 

P Set of primary instruments 

S Set of secondary instruments 

1, J, k Indices designating instruments 
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Distiaguishing Between Primary and 
Secondary Instrument* 

Secondary *natruments include those which muat merely be mcnl^red 
(i.e., crosschecked). Instruments in this category are consistently found 
to have mean dwell times, of approximately 0,4 sec. Of this mean 

dwell time, approximately 0.2 sec is recognized as the mean ocular refrac- 
tory period. Consequently, secondary instruments are easily identified 
from experimental data by their characteristic mean dwell time. Secondary 
instruments may be Identified in analytical applications of control- display 
theory (Refs. 5 and 4) by virtue of their not being required for the purpose 
of control and, in addition, by - 0.4 7 gt for those instruments when 
control-display system performance is optimized. 

For the purpose of this paper, any Instrument for which 4 0.4 sec 
will be treated as a secondary Instrument. For example, the indicated air- 
speed instrument for an aircraft executing a landing approach on the "front- 
side” of the power required versus trim airspeed performance curve. Is a 
primary instrument by virtue of its being required for the purpose of control 
for high performance in the absence of strong speed stability for the augmented 
aircraft. However, since fdiAS k 0 '** 390 this situation, we shalj. here 
regard the indicated airspeed instrument as effectively being a secondary 
Instrument. 

Primary instruments will nere be regarded as those for which the mean 
dwell time consistently exceeds approximately 0.6 sec. 

nsr x» for vmmassm xst m sca mm data 

Table 1 lists the one-way link value data, q^j, in matrix form for the 
experimental configurations described In Table 2. Additional experimental 
eye scanning data, averaged for each configuration- subject pair, is given 
In Table 3. 

Bslf -Transitions 

Examination of Table 1 reveals that no self-transitions exist for any 
secondary instrument. Tnat is, • 0 for i € S. Or, more specifically, 
for configurations B, C, D, q Ai - 0 for i * 1, 3, 4, 6; and for configura- 
tions E, F, * 0 for i • 1, 3, **, 5, 6. Furthermore, the self- transit ion 
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TABijE i. ONE-WAY LINK TRANSITION MATRICES (Prom Ref. 1 ) 



TABLE 2. EXPERIMENTAL CONFIGURATIONS {From Ref. 1 ) 
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TABLE * 

AVERAGE SCANNING STATISTICS* 
(From Ref. t ) 



•"There were transitions to and from, but no dwells on instrument U, the 

Mach meter." 'Ref. l) 
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link values for the i rimary instruments are very small in comparison to the 
look fraction for the respective primary instruments. The numerical compari- 
sons are made in terms of q^/vi with respect to unity. The largest value 
eccurs for Instrument No. 2 (flight direct or /attitude indicator) for configura- 
tion i-2 for which: 

W v 22 * 0. 029/0. l*«* - 0.06i* « \ 

The next largest value o i this ratio occurring in the data is less than 0.0*6. 

Since the values of this ratio are very much less than unity, we shall 
draw the idealized conclusion that, in effect, there are no self -transit ions. 
Mathematically, this is expressed by? 

q it s 0 i 6 P U S O) 

Scans Between Secondary Instruments 

To test the hypothesis that the pilot’s eye fixation transitions to a 
primary instrument after fixating a secondary instrument , we will compute 
the conditional probability, P, *aat, given a fixation on an instrument in 
the secondary group, the next fixation will be upon an instrument in the 
secondary group. 

Let N e be the total number of transitions from all secondary instruments. 
Let N ss be the total nuabei of transitions from all secondary instruments 
which terminate on any secondary instrument# Then the probability that 
pilot’s eye fixation transitions to a primary instrument after fixating a 
secondary instrument is given by (l - P) where: 


„ E E "ij 

p. „ii . "a . ,11. -gigs 

' " — • N » " — - T £ h .. 

ICS J?PUS 3 


Computations of ( 1 - TP) on the basis of the experimental data in 

Tables 1 and 3 are suonarlzed in Table U, The computations ere based upon 

using 1 - I v< in place of its theoretical equivalent, E (See Eq. 6 .) 
AC* 1 i€S 
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TAB'S U 

EXPERIMENTAL VALUES OF ( 1 - i*) 


CONFICJURAT ION- PILOT 

o-P 

3-1 

0.068 

B-2 

1.000 

C -1 

0.893 

C-2 

1 000 

D -1 

o.m 

D-3 

0.922 

E -1 

0.876 

E-2 

0.900 

r-1 

0.93 1 * 

F-3 

0.973 


The values of ' \ — 7 °) are nearly unity for all configurations. On 
this basis, we shall draw the idealized conclrsion that, in efiect, there 
are no transitions which origirate on one secondary instrument and terminate 
on a secondary instrument. Mathematically, this is expressed by: 

q j =0 i,j € S (3) 

t 

l mt LDK VALUE EflTBCATO® 

T:.e several observed experimental facts listed in the introductory 
section can be used as the basis for development of a link value estimator. 

We shall use the following assumptions: 

• Stationary: q^ft) = const, for all t 

• No self-transitions: = 0, i€PUS 

• No transitions between secondary instruments: 
q u 5 0; i,J € S 

• Scan 3 from a secondary instrument to a primary 
instrument are made at random according to distri- 
butions given by the relative look fractions for 
the Instruments. 
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• Scans from a primary instrument to a secondary 
instrument are made at random according to dis- 
tributions given by the relative look fractions 
for the instruments. 

• Scans within the primary group are a random selection 
from among the other primary instruments according 

to distributions given by the relative look fractions 
for the instruments. 

The first four assumptions are used to develop an estimator of the link 
values for transitions from a secondary instrument to a primary instrument. 



1 € S, J € 2 


Consider the intermediate expression for q 4 j. is the probability 

that a transition is from the secondary instrument group to the primary 

instrument group, v is the probability that a transition from 
k€S * 

the secondary instrument group originates from the ith secondary instrument. 

v*/(l - E v v ) is the probability that a transition to the primary instru- 
J £ 

raent group terminates upon the Jth primary instrument. 

The next as sump 1 , ion is used In developing an estimator of the link 
values for transitions from a primary Instrument to a secondary instrument. 


v i 

1 ~ E v k 

k€S 


/ £ v k \ 
\k€S 7 


1 - E v k 

k€S 


i € P, J € S 


Consider ti e intermediate expression for is the probability 
that a transition is from the primary instrument group to the secondary 
instrument group, vj/(i — probability that a transition 
from a primary group instrument originates from the ith primary 
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insiruoent. v j Jy'k ia th ® probability that a *.anaition to the secondary 
last lament group terminates upon the Jth secondary Instrument. 

Ii‘ the s-e considered as elements of a matrix, it must also be 
true that the Jth aecondaxy instrument column elements must sum to the look 
fraction, v ^ . Similarly, the ith secondary instrument row elements must sum 
tc v*. This leads directly to the requirement that: 

.S'* • ,5 > 


which is merely a statement of one of the basic identities given above, 
furthermore, i must be true that: 



(?) 


( 8 ) 


It is also evident that (i - 2 k £ s v k^ 18 the Probability that a transition 
originates and terminates on primary instruments. 

ihese results, s 0, and the last as sumpt lor are used to develop an 
e. itor of the link values for transition from one primary instrument to 
ano*. orimary instrument. 



i e p n j, j e p 


x '' 1 “ v k^ ls the prooat -J. tty tnat a transition from a primary group 
instrument originates from the ith primary Instrument. vj/( 1 — — E y^) 

is the probability that the transition originating from the ith primary 
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1 ns t rumen t and terminating in the primary group, terminates upon the jth 
primary instrument. 

It can be verified that all row summations for the resultant matrix 
are equal to their respective row instrument look fractions when the restric- 
tion given by Eq. 6 is observed. However, when the number of primary instru- 
ments, p, exceeds one, the summation of column elements for the resultant 
q A j matrix requires the additional restriction: 


i- E* 

k«S 

„ t . 


in order that the summations be equal to their respective column instrument 
look fractions. 

^11 of the above equations are readily expressed in terms of average 
scanning frequencies by the simple expedient of replacing ^ by the 
quantity f 8 ^ j/f fi . The link values are most conveniently expressed in terms 
of average scanning frequencies when the results are to be used as part of 
a control-display analysis model, e.g.. Refs. 3 and 

To summarize, the new link value estimators given by Eqs. 1 , 3 , k , 5 , 
and 9, subject to the requirements imposed by Eqs. 6 and 10 , may be written 
in terms of the average scanning frequencies and the number of primary 
Instruments as: 


111 * 0 

1 £ P U 8 

(11) 

iJ p(p-1)f 8 

1 e p n i, i c p 

(12) 

‘kj = 0 

i.J € 3 

(13) 

*8j 

■ £ 

i € P, J 6 8 

0^) 

’u - wi 

1 e s, j c p 

(15) 
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COMPARISON CF LISK VALUE ESTIMATORS 
WlXd SBSRBKKCAL DATA 


The link value estimators given in Ref. 3 are: 





We shall cc- pare the estimates given by and the estimates given by q^j 
in the previous section with experimentally measured link val’ies. The experi- 
mental data is Tor configurations which have one and two primary instruments. 

The comparisons will be made on the basis of q^ computed • ~*ng experi- 
mental values cf the dwell fractions, fo** all instrumen .ae q^j used 
"cr comparison pt eposes will be computed using the experiir slues of the 

fractions, i^, for the secondary instruments only. ^n values 

for onfiguration-pilot combinations C-1 and F-3 are given ir. *> and 6, 

respectively. Numerical values for q^j in these tables shoulu l. ^ilar to 
the corresponding entries for configuration-pilot combinations C-1 and F-3 in 
Table i. The look fractions should correspond to entries in Table 3. The 
sum the look fractions should be unity. 

The numerical values ccxrmuted using either the new link value estimator 
or the Ref. * link value . ator, generally have about the same degree of 
similarity to the experimental values. However, the new link value estimator 
appears to be somewhat more accurate for the link values involving secondary 
instruments . The look fractions for the secondary instruments determined by 
the new link value estimator appear to be superior, but this is because that 
estimator is merely parroting the experimental values which were used in that 
computation. 

In every case, the sum of the look fractions in Tables 3 and 6 is less 
than unity. This arises because the look fractions and dwell fractions in 
Table 3 do not each sum to unity. In other words, there were extraneous 
looks at places otner than the instruments during the experiment. This 

1*2 
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TABLE 6 


COMPARISON LINK VALUES FOR P-3 
(Instrument 2 la Primary) 


a) New Unit Value Estimator 



1 

2 

3 

b 

3 

6 


1 

0 

.077 

0 

0 

0 

- 

.( - 

2 

.077 

n 

.032 

0 

.3*6 

.01 


* 

0 

.032 

0 

0 

0 

0 

.032 

- 

0 

0 

0 

0 

0 

0 

.000 


0 

. 3*6 

0 

0 

0 

0 

.3*6 


0 

.013 

0 

0 

0 

0 

£22 
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b) 

Ref. 3 

Link Value 

Estimator 






1 

2 

3 

b 

y 

6 

v i 

1 

0 

.083 

.001 

0 

.013 

.001 

.100 


.083 

C 

.031 

0 

♦ 3*3 

.012 

.*69 

X 

.001 

031 

0 

0 

.006 

-0 

.0^ 

- 

0 

0 

0 

0 

0 

0 

.000 

* 

.01? 

. 3^3 

.006 

0 

0 

.002 

.366 


.001 

.012 

-0 

0 

.002 

0 

£22 


Nms*.: 






.968 
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nakes entirely consistent comparison of the data and the link value estimators 
impossible, but the effects of the inconsistencies would appear to be snail 
because the suns of the look fractions and dwell fractions approach unity. 

A new link value estimator has been developed which Is based upon two 
deterministic features found in actual pilot eye scanning data. l\.e new link 
value estimator is developed in terms of event* related quantities (i.e., 
looks) whereas the previous link value estimator is In terns of time -related 
quantities (i.e., dwell times). Since the link values are event-related 
statistics, it Is inappropr i ate that the previous link value estimators 
should be in terms of time-related quantities. 

The new link value estimator appears to adequately emulate experimental 
data for cases wherein there are one or two primary instruments. However, 
the data base used for comparison is acted ttedly small. 

When there is but one primary instrument (designated here ac a flight 
director, FD), then the new link value estimator can be used to Sivow the*.: 

vro - E v k = 1/2 (17) 

k€8 

If this result is expressed in terms of average scanning frequencies, thus: 



In other words, the flight director scanning frequency and the sum of secondary 
instrument scanning frequencies are equal. This feature Is shown in Ref. 2 
to considerably simplify application of the control -display theory of Refs. 3 
and * for this case. This is by virtue of eliminating iteration in the 
computational procedure. 

Fbr the more general case wherein there are multiple primary instruments, 
a modest simplification of the control-display theory computations results. 
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This simplification is that the average scanning frequencies for all primary 
instruments are equal. That is: 

A, = ! ~s - E 7 Sk ) P 1«P 09) 

The effect, in this case, is to *r-duce by (p — 1 ) the number of parameters 
over which the pilot -control-diciplay- vehicle system must be optimized. 
Experimental data for the two primary instrument case confirms Eq. 19 . 
Uovever, no experimental data based upon the use of contemporary flight 
instruments has been found for cases involving three or more primary 
5 nstruments. 
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